In Mexico, as in other developing countries, the most important pollution and management problems of food-processing sludge are the high levels of pathogen microorganisms within the sludge and the lack of sites for its disposal. The aims of this study were to evaluate the effect of calcium oxide in the inactivation of pathogenic microorganisms and the subsequent use of the resulting product in an agricultural application at various agronomic rates. Stabilisation tests were done in a hermetically closed fibreglass reactor with 1.5 ℓ capacity, using physicochemical sludge with concentrations of 4, 8 and 12% of total solids (TS) and contact times of 30, 60 and 90 min. At the end of each treatment, the raw and treated sludge quality was evaluated. Recommended doses for Class A biosolids production were 20, 10 and 8% m/m of CaO for 4, 8 and 12% of TS respectively with a minimum contact time of 90 min. The land-application test was done using sludge with 8% TS treated with a quicklime dose of 10% m/m. Nitrogen-based Agronomic Rates (AR) of 0, 1, 5, 10 and 15 were evaluated in the cultivation and production of chayote (Sechium edule). The results with 5 AR showed an estimated total production of 70 kg of the vegetable species over a period of 90 d, which is higher than that reported for the same crop grown without biosolids application.
Introduction
Currently Mexico generates approximately 12 000 000 t/a of sludge containing high levels of organic matter, pathogen microorganisms and parasites (Ortega, 2003) . The concentrations of microorganisms (faecal coliforms 6.9 x 10 9 MPN/g TS and Salmonella spp. 2.1 x 10 6 MPN/g TS) are higher than those reported in countries like the United States (faecal coliforms 2 x 10 7 MPN/g TS and Salmonella spp. 2.1 x 10 2 MPN/g total solids (TS)) and the United Kingdom where faecal coliform concentrations varying between 3.6 x 10 4 and 1.4 x 10 6 MPN/g TS and Salmonella spp. varying between 1.4 x 10 2 and up to 4.2 x 10 4 MPN/g TS are reported (Crewe, 1994; Jimenez et al., 2000; Jimenez et al., 2004; Reimers, 1986) . Recently, Mendez et al. (2007) mentioned that in the central region of Veracruz State, raw physicochemical sludge from the food industry (bird slaughterhouse) contains extremely high concentrations of indicator and pathogenic bacteria (10 9 and 10 7 MPN/g TS, respectively). In addition, an important amount of sludge (12 t/d) is not treated or appropriately disposed of, being discharged to the sewer systems or landfills with little or no treatment at all. Literature regarding the development of technologies for sludge stabilisation with extremely high pathogen content is limited and a large amount of information deals with conventional stabilisation processes applied to sludge with 'typical' characteristics. Some of these technologies need to demonstrate their ability to significantly reduce those microorganisms that are present in sludge generated in developing countries. Due to the simplicity of the operation and its low cost, one of the most efficient alternatives to treat this type of sludge is by means of alkaline stabilisation (Girovich, 1996) . This process has high effectiveness in the inactivation of pathogenic microorganisms and it is capable to inactive up to 7 and 6 log of faecal coliforms and Salmonella spp., Mendez et al., (2002; 2004) , but the effect of these biosolids when applied as organic fertilisers should be evaluated.
In according to Lira (1995) , the biosolids produced via the alkaline method can be applied in farming or improvement of land due to its high content of organic matter and macronutrients such as nitrogen, phosphorus, potassium, calcium and magnesium and micronutrients such as iron, zinc, copper, manganese, boron, molybdenum and sodium, useful for plant cultivation. Also, Krasilnikov, (2002) and Díaz et al., (2004) reported the beneficial use of biosolids to promote the improvement of the partially degraded soils and also to increase in production potential of agricultural lands. The predominant type of soil in the Veracruz State is a vertisol which has a high content of organic matter (6.93%) and nutrients. However, the agricultural activities, the use of chemical fertilisers and overgrazing are the major causes of soil degradation resulting in partial acidification of the land (Sánchez-Cólon, 2004) . Considering vegetative species that may be fertilised with biosolids, chayote (Sechium edule) was selected as it is a vegetable species commonly consumed in Mexico, either eaten raw in salads or cooked, and it is exported to other countries. Thus, the aims of this study were to evaluate the effect of calcium oxide (CaO) on the inactivation of high concentrations of faecal coliforms and Salmonella spp. present in physicochemical dewatered sludge, and to determine the impact of land-applied biosolids on the development and the production of Sechium edule. 
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Methods
Sludge and biosolids characteristics
Raw physicochemical sludge containing 1.9% ± 0.08 TS was sampled from a 10 ℓ/s food-industry (bird slaughterhouse) wastewater treatment plant, located in Orizaba, Veracruz (México). A coagulation-flocculation process called advanced primary treatment (APT) or chemical enhanced primary treatment (CEPT) is employed to treat the wastewater. The sludge contains high levels of pathogenic bacteria. The counted densities of faecal coliforms and Salmonella spp. in the raw sludge (11 and 9 logs, respectively) were slightly higher than those reported by Mendez et al., 2007 (9 and 7 logs) in sludge produced in the south-east of Mexico.
Stabilisation tests
During this experimentation stage a hermetically sealed 4.5 ℓ reactor was used, controlling the initial temperature at 20°C. In order to obtain the required TS concentration, the sludge samples were thickened and dewatered by using a gravity method and a basket centrifuge, respectively. According to some previous studies (Atenodoro, 2007 and Mendez et al., 2008) , the disinfectant power of alkaline materials like CaO or ammonia is reduced due to its dilution in the water contained in sludge. Thus, the necessary dose of CaO to achieve the reduction of pathogens can be reduced when the total solids concentration is higher. During this stage, doses of 0, 10, 20, 30 and 40% w/w of CaO were directly applied to the sludge with a concentration of total solids (TS) of 4% (± 0.03). The treatments with dewatered sludge (8%± 0.04 TS) were performed by applying of CaO in doses of 0, 5, 10, 15 and 20% w/w. When the total solids concentration was 12%, doses of 0, 2, 4, 6 and 8% w/w 12% TS were directly applied to the sludge. Following the method described by the process: Alkaline stabilisation of residual sludge in closed systems with optional ammonia recycling (Jimenez and Mendez, 2005) , the samples and a control were homogenised for 2 min, after which the CaO dose was applied and the speed of agitation was increased to 200 r/min during 2 h. At the end of each treatment samples were taken for physicochemical and microbiological analyses. To evaluate the effect of the contact time, the recommended CaO dose was applied using times of 0, 0.5, 1, 1.5 and 2 h with TS concentrations of 4, 8 and 12%. The results of all stabilisation tests represent the average of 5 experiments. At the end of each experiment one factor and randomised block design (using the microorganism inactivation as a response variable), statistical analyses were carried out by using the NCSS software. With a strategy similar to the one used in the previous studies using the alkaline stabilisation process (Méndez et al., 2004) . The kinetics parameter values were obtained by the Hom Kinetic Model using a non-linear least squares method. The kinetic model of the disinfection reactions has been described in a similar form to those for a chemical reaction. Presently, the predominant disinfection model is that proposed by Hom which is proposed as an alternative kinetic model to account for deviations from the ChickWatson Model commonly encountered in practice. The model evolved to (Pernitsky et al., 1995) :
( 1) where : No is the initial concentration of microorganisms N is the concentration of survival microorganisms at the time t k is the pseudo first-order reaction rate constant C is the disinfectant concentration n is a dilution coefficient which is an empirical factor frequently assumed to be 1 m is an empirical constant
Biosolids application tests
Vertisols were the soils chosen as substrate because they are the main soils found in agricultural lands in Veracruz, México. One experimental area was defined including 75 m 2 , where 10 plots of 1 m x 1 m each were defined and distributed as shown in the experimental layout (Fig. 1) . In order to identify the characteristics of studied soils, 10 samples were taken for physicochemical analyses according to the official regulation NOM-021-RECNAT-2001. The concentration of faecal coliforms and Salmonella spp. in the studied soils was evaluated over 3 different periods: Parameters evaluated are shown in Table 1 . The agronomic rate (AR) was based on the nitrogen requirement for the Sechium edule (150 kg N/ha), the nitrogen concentration of the biosolids and heavy metal concentrations of the biosolids, according to the limits for land application proposed by the US EPA (1995) . Once the agronomic rate was determined, 5 AR levels were established (0, 1, 5, 10 and 15). The quantities of biosolids added to the land for each AR were 0.0, 0.14, 0.73, 1.47 and 2.2 kg of TS/m 2 , respectively. Sechium edule plants were germinated during 20 d, and then they were transplanted and kept in the experimental zone. During the study period (210 d), all the plants were irrigated daily with 17.49 mm/m 2 . The height of the plant (cm) was measured after first 90 d. Generation of flowers occurred over a period of 91 to 120 d; beyond this time, the production for each treatment (121 to 210 d) was evaluated using the total weight and unitary weight and size.
Results
The raw sludge samples had to be thickened and dewatered to obtain the TS concentration necessary for each stabilisation test as the solids content of the sludge was low ( Table 2 ). The chemical parameters showed levels of ammonia (44.6 g/kg TS) and phosphorus (17.70 g/kg) acceptable to produce biosolids for its later application. A unique characteristic of this type of sludge is the high concentration of pathogenic microorganisms which are above the permissible limits of the NOM-004-SEMAR-NAT-2002 regulation because of the nature of the sludge (bird slaughterhouse); concentrations of between 2.90 x 10 10 (faecal coliforms) and 1.23 x 10 8 (Salmonella spp.) were quantified; this finding is in agreement with information given in reports on the sludge produced in a bird slaughterhouse (Salmonella are generally present on bird farms and concentrations of between 1.23 x 10 8 (Salmonella spp.) and 2.90 x 10 10 (faecal coliforms) are found). Note that the sludge did not contain helminth ova; this finding is in contrast with findings by Jimenez et al. (2004) who reported a high content of helminth ova in municipal sludge studied in places like Mexico City.
The heavy metal content of this sludge was identified as being low, similar in nature to some municipal sludge in Mexico; this allowed maximum permissible application in terms of the official Mexican regulation limits (Table 3) . previously reported the low concentration of metals in sludges produced in Mexico. Because these concentrations are lower than the detection limits, they do not influence the determination of the agronomic application rates.
During the stabilisation tests, the selected recommended CaO doses were those required to reduce groups of identified bacteria (faecal coliforms and Salmonella spp.) up to levels which met with Class A biosolids limits. Thus, the recommended doses for the studied TS concentrations were obtained -doses of 20, 10 and 8% CaO m/m were necessary to inactivate the bacteria groups in sludges with 4, 8 and 12% ST, respectively (Figs. 2 and 3, next page). These stabilisation conditions were necessary to meet Class A biosolids limits. In both cases, it should be noted that in sludges with higher TS concentrations of, the CaO doses were reduced.
In a 2 nd trial, the contact time for each concentration of TS was decided in terms of its respective recommended dose. From experiments with different contact times it is observed, in Figs. 4 and 5 (next page), that similar times are needed to inactivate Salmonella spp. and faecal coliforms (90 min). Thus, as recommended for CaO stabilisation (US EPA, 1994), at least 2 h are needed for alkaline disinfection of sludges. Based on the contact time obtained, the alkaline stabilisation can be considered a fast process when compared with other methods of stabilisation such as the thermophilic anaerobic digestion, which generally requires an HRT of up to 20 d to reach a similar level of stabilisation (Young-Chae et al., 2004) .
The inactivation of faecal coliforms and Salmonella spp. at different CaO concentrations (C from Eq.(1) and 2h of contact time was described by the modified Hom Model. The resultant equation is: Table 4 shows the kinetic parameters for Hom's Modified Model, where the effect of the CaO doses is evaluated for each concentration of TS. The rate (k*) of inactivation is faster for Salmonella spp. than for coliforms because this last group is 1 and 2 log higher than Salmonella spp. in all the total solids concentrations evaluated; values of the rate constant of inactivation for the faecal coliforms are higher than those obtained for Salmonella spp. Low dilution coefficient values (n) were observed in a range of 0.45 to 0.62 for faecal coliforms and 0.32 to 0.49 for Salmonella spp. attributable to the interference that determines the solids content in the sludge. The R 2 values ranged from 0.90 up to 0.97, which is high enough to give the model practical value for forecasting of pathogen microorganism inactivation.
To describe the inactivation of faecal coliforms and Salmonella spp. at different contact times the Hom Model (Eq.(1)) was adapted replacing the k parameter and the CaO dose by k**:
where: k** : is a constant associating k and the CaO dose D n Table 5 shows the kinetic parameters for the contact time in the 3 concentrations of total solids. In the same way, the higher velocity of inactivation of Salmonella spp. and low values of Hom's empiric constant (ranging between 0.42 and 0.68) are observed, which indicates deviations from the first order kinetic; again high values (0.93 to 0.96) of the R 2 coefficient were obtained. The higher efficiencies obtained in the stabilisation process can be related to the use of a closed system, as the ammonia produced in the alkaline process remains in the reactor during the stabilisation tests and this gas has a high disinfectant power according to Jimenez and Mendez (2005) and Mendez et al., (2004; 2002) . At the end of the stabilisation tests, statistical analyses were carried out in both of the cases (different CaO doses and contact times). The Fo values from ANOVA analyses are shown in Table 6 . Values between 153 and 899 were obtained which are much higher than F 0.05, 4, 16 = 3.01 (α=0.05) values. In consequence, it is possible to confirm that the CaO doses and the contact time have a significant effect on the inactivation of both of the studied bacteria groups. The results obtained in the description of the soil are shown in Table 7 . As observed, the average pH value (6.87) was neutral. According to Lira, (1995) it is advisable to maintain the pH of agricultural soils where biosolids are being applied in the optimum range for the food crop growth at between 5.7 and 7.0 to avoid biosolids-supplemented metals. The quantified organic matter was considered high (6.93%; Cooperband, 2002 and NOM-021- RECNAT-2001) and it is common in agricultural soils with higher water-holding capacity. The main nutrients represented by the total nitrogen (0.2%) along with phosphorus (2.06 mg/kg), are present in high and low concentrations, respectively, according to the criteria established by NOM-021-RECNAT-2001. Based on these characteristics, the agricultural soils are appropriate to receive the alkaline stabilised biosolids.
On the other hand, minimum bacterial concentration densities were (< 3 MPN/g TS) observed in the samples of all 10 soils analysed; this effect was expected because, according to Garrido et al. (2005) , due to contamination, fertilisation, competitions existing among microorganisms and farming operations, most of the microorganisms that are disseminated throughout the soil do not form spores, so they remain in the soil for only a short period of time, the soil being an unfavourable medium for most pathogenic species.
The growth rate of Sechium edule observed is shown in Tables 8 and 9 (next page). The treatment with 0 AR was used to compare with the other treatments because the literature regarding the cultivation of chayote is mainly focused on the weight of the plant (kg/100 d). However, in this case the most important control variable was the total production achieved. Thus, the application of the biosolids increased the growth of the species. In fact, the growth rate for treatments with 5 and 10 AR was higher compared to the remaining treatments due to the effect of the nutrients contained in the applied biosolids. Although the Sechium edule plants require 33% of mineralised organic nitrogen plus nitrogen available (N-NH 4 ) for their optimum growth, 33% for the flowering and 33% for the crop production (Lira, 1995), under our experimental conditions, only one biosolids application and incorporation in the first 45 cm of agricultural soil was made (1 month before seeding the plants) to avoid negatively affecting the chayote adaptation, growth and production cycle and also to avoid anaerobic conditions in the upper soil layers.
To evaluate the effect of the biosolids application the main variable was the average production of Sechium edule during Table 10 presents a higher production figure (70.81 kg of fruit) when 5 AR of biosolids was applied. The treatment without biosolids (0 AR) produced a lower production probably as a result of the lower concentration of nitrogen and phosphorus present in the soils. The type of experimental soil and the farming operations in the experimental plots agree with those commonly used by chayote growers in the Veracruz State, Mexico. Also, when the application of biosolids is repeated in a bigger agricultural soil sample with similar characteristics the results will be similar to those obtained in this study. Thus, the yield obtained in the experimental lots was directly extrapolated to the yield measured in international measurement units (kg/Ha). Table 11 shows the attainable production achieved using the different AR treatments with 5 AR being the treatment with higher potential production (177 000 kg/ha), which could be up to 92% higher than that reported by Lira (1995) as a conventional production figure (92.085 kg/ha). Necessarily, results obtained on a larger scale would need to be demonstrated. In Fig. 6 the average monthly production is shown -it was observed that for 5 AR the production started earlier than the remaining treatments and the harvest presented Gaussian type growth for the treatments with 1, 5 and 10 AR. In the treatment with 15 AR this kind of evolution was not more evident and its production was low and late. This effect can be due to the direct contact of the biosolids with the root of the chayote which caused hypernutrient stress that the plants cannot tolerate. Also, other important factor is the amount of applied biosolids (22 dry ton/ha) which can produce oxygen depletion in the upper soils layer reducing the development of the Sechium edule plants.
Conclusions
The obtained results show that the CaO has an effective disinfectant property, which is able to reduce extremely high levels of pathogenic microorganisms (faecal coliforms and Salmonella spp.). The CaO requirements were reduced when the concentration of TS increased. This is probably due to the fact that the CaO is mainly consumed in the inactivation of microorganisms and not in the formation of Ca(OH) 2. A concentration of 8% TS is recommended since the CaO requirements are low compared to 4% TS and presents practical advantages related to the physical mix compared to the 12% TS.
Results suggest that CaO can inactivate microorganisms in a relatively short contact time (90 min). A contact time of at least 2 h is recommended.
The kinetics parameters determined in this study are use-ful for the design, operation and control of an alkaline process using closed systems for stabilisation of sludge with varying concentrations of total solids. Nevertheless, they were obtained from experimental tests carried out in food processing sludge; which had not concentrations of helminth ova. Different types of sludge, particularly those from municipal wastewater need to be studied. According to the obtained results it was demonstrated that the treatment of vertisols with biosolids (5 AR) can increase the productivity of the studied agricultural soils. Since the maximum production of chayote after a period of 90 d was 70.81 kg when using 5 AR , results suggest that biosolids can incorporate essential nutrients to soils which are used by chayote (Sechium edule) plants for their growth and development. Besides that, the times for production and harvest were reduced when comparing the results obtained for the control (0 AR).
The impact of quicklime-treated biosolids applied to vertisols proved the potential for reusing biosolids to improve the fertility of this type of soils during the productive cycle of Sechium edule and the disposal problematic of this sludge can be resolved.
